Using a previously developed filter adsorption technique, the inactivation of a human rotavirus, a coxsackievirus B5, and a bovine parvovirus was monitored during sludge treatment processes. During conventional anaerobic mesophilic digestion at 35 to 36°C, only minor inactivation of all three viruses occurred.
The widespread agricultural land application of sewage sludge can be a hazard for animals and humans because of the possible pollution of vegetables, food, or water resources with pathogens or chemicals. In Switzerland the utilization of sewage sludge in agriculture is controlled by legislation regulating the content of bacteria, parasites, and heavy metals, but not of viruses. Within the scope of a Swiss National Research Program we therefore examined the fate of human and animal viruses during various sludge treatment processes. The technique used had been established with bacteriophage f2 (18) . In this study we tested a human rotavirus, as the most important causative agent of viral gastroenteritis in infants, and coxsackievirus B5, as a representative of the widespread enteroviruses. The bovine parvovirus strain was selected for its extraordinary thermostability.
The rotavirus and the enterovirus were rapidly inactivated by process temperatures of 55 to 60°C, whereas the parvovirus proved to be more readily inactivated by anaerobic mesophilic digestion.
MATERIALS AND METHODS
Viruses and host cells. The stock solution of the human rotavirus strain Wa (23) The procedure of loading rotavirus and parvovirus onto the filter membrane was the same as for bacteriophage f2 (18) . Membranes of 450-nm pore size were used for rotavirus because of its larger particle size. For adsorption, coxsackievirus B5 virions had to be pelleted by ultracentrifugation in a Beckman SW 50.1 rotor at 33,000 rpm for 1.5 h and then suspended in phosphate-buffered saline (pH 7.3) before the final dilution in loading buffer.
The elution technique was the same as described previously (18) , except that the eluate was passed a second time through the same membrane to increase the elution efficiency.
Virus assays. Eluates were tested for infectious virus as follows. The rotavirus was assayed by the 50% tissue culture infectious dose method in tissue culture tubes on a roller drum. Assay procedures were similar to those described by Sato et al. (14) . Titration of coxsackievirus B5 was performed in 24-well cell culture plates by means of a PFU method in Vero cells. The carboxymethylcellulose (no. 27649; BDH Chemicals Ltd., Poole, England) overlay used (8) was supplemented with 25 mM MgCl2 and 100 p.ug of DEAE-dextran per ml (12) . After incubation at 37°C for 3 days, the plates were fixed with phosphate-buffered Formalin and stained with 0.5% crystal violet in double-distilled water. For the quantitation of infectious bovine parvovirus we applied the plaque technique of Durham and Johnson (5) , using EBLC grown in EMEM with 30 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) and incubating the plates without CO2. For all virus assays, medium and overlay were supplemented with penicillin (100 U/ml), streptomycin (100 jig/ml), and gentamicin (50 tig/ml). In addition, the overlay for the plaque test of bovine parvovirus contained econazole (1 ,ug/ml) (24) .
Field experiments. As with bacteriophage f2, all field experiments were performed at the sewage treatment plant of Altenrhein, Switzerland (18) . Virus inactivation could be studied during various sludge treatment processes, i.e., anaerobic mesophilic digestion, anaerobic thermophilic digestion, aerobic thermophilic fermentation, and pasteurization. The process parameters at the time of experiments are listed in Table 1 .
In all experiments, total and thermal inactivation were determined by exposure of two sandwich devices with 15-nm-pore membranes and two sandwich devices without membrane pores for each time point.
Statistical analysis was carried out as described previously (18) .
RESULTS
Applicability of the sandwich technique for animal viruses. The sandwich technique for measuring the inactivation of viruses in a given environment was developed with bacteriophage f2. Only minor modifications were necessary to adapt the method for the human and animal virus strains used in this study. Coxsackievirus did not adsorb to Zetapor membranes unless the cell culture medium was removed by ultracentrifugation. Perhaps a cell protein or another component of the medium competed with the virus for adsorption sites on the membrane. A similar phenomenon was observed by Guttman-Bass and Catalano-Sherman (9) for poliovirus, which did not adsorb in the presence of humic acid.
Because of the relatively low titer of animal viruses, it was important to elute a maximum of the adsorbed virus. Therefore, the same elution volume was passed through the filter membrane twice, since experiments with bacteriophage f2 had indicated that in this way virus could be recovered with greater efficiency (18) .
Under these conditions 100% of rotavirus (5 x 106 50% tissue culture infectious doses per filter) and coxsackievirus particles (5 x 106 PFU per filter) and about 95% of parvovirus particles (106 PFU per filter) adsorbed to the membrane. Elution efficiency as related to the virus content of the loading suspension was 83% for rotavirus, 80% for parvovirus, and more than 100% (probably due to disaggregation of virus particles by the elution medium) for coxsackievirus.
Field experiments in the sewage treatment plant. The results of the field experiments are summarized in Table 2 . The virus load per filter was the same as stated above except for Fig. 3A (2 x 104 PFU per filter). Anaerobic mesophilic digestion. Among the four processes tested, the conventional sludge treatment by anaerobic mesophilic digestion was the least effective. The infectivity of all viruses examined decreased less than 1 log10 unit/day (Table 2) . With regard to total inactivation, parvovirus was two to three times more sensitive (Fig. 3A) than rotavirus ( Fig. 1) and coxsackievirus (Fig. 2) and about as sensitive as bacteriophage f2. For coxsackievirus B5, temperature (36°C) appeared to be the main inactivation factor (Fig. 2) , whereas the inactivation of rotavirus and parvovirus was probably due to additional factors present in the sludge ( Fig. 1 and  3A) .
Anaerobic thermophilic digestion. The process temperature of 54 to 56°C led to a rapid inactivation of rotavirus and coxsackievirus. The k' values for these two viruses represent a lower limit, since titers fell below the detection limit within the duration of the experiment (Table 2) . Under the same conditions the titer reduction for the heat-stable parvovirus was very small, but attributable to thermal inactivation alone ( thermophilic digestion, aerobic thermophilic fermentation led to a rapid inactivation of the temperature-sensitive rotavirus and coxsackievirus, whereas the inactivation rate of the parvovirus was low. Inactivation was again mainly attributable to temperature, as shown by similar k' values for total and thermal inactivation ( Table 2 ). For parvovirus the total inactivation was somewhat lower than the corresponding thermal inactivation, indicating a possible stabilizing effect of the sludge on parvovirus (Fig. 3C) .
Pasteurization. For obvious reasons, only parvovirus was subjected to pasteurization. In the course of the conventional detention time of 30 min at 70°C the parvovirus lost only 0.7 log10 unit of its infectivity. The titer reduction was again due to temperature alone, as indicated by identical k' values for thermal and total inactivation ( Table 2 ). In all treatment processes at elevated temperatures, parvovirus was by far more stable than bacteriophage f2, whereas the stability of rotavirus and coxsackievirus B5 was much below that of the bacteriophage.
DISCUSSION
The experiments presented in this paper were carried out with three animal viruses selected for their health significance or their marked heat stability. Thus, the filter sandwich method previously developed with bacteriophage f2, a model virus chosen for easy handling (18) , has now been employed successfully to monitor inactivation of viruses that may be considered good indicators for the effectiveness of different sludge treatment processes.
It is well known that mesophilic digestion does not sufficiently reduce the virus content of sludge (2, 4, 13, 15) , and this was confirmed in our experiments. In contrast, a thermal treatment (anaerobic thermophilic digestion or aerobic thermophilic fermentation) led to a rapid inactivation of rotavirus and coxsackievirus B5, whereas the heat-stable parvovirus was not inactivated by such treatments. The parvovirus was also resistant to pasteurization, as already described by Leuze et extend previous findings (17, 21, 22) . The viruses tested here can be grouped into thermolabile viruses that are comparatively chemoresistant (rotaviruses, enteroviruses) and thermostable viruses that are chemolabile (parvoviruses). In this connection chemoresistance means that viruses are relatively insensitive to chemical factors such as ammonia and detergents (19) (20) (21) or to microbial factors (10) present in the sludge.
The parvoviruses, known for their extraordinary heat stability (17) , may serve as representatives for other heatresistant viruses found in sludge, e.g., human hepatitis A virus (7, 16 
